Abstract When the National Institutes of Health Mouse Models of Human Cancer Consortium initiated the Prostate Steering Committee 15 years ago, there were no genetically engineered mouse (GEM) models of prostate cancer (PCa). Today, a PubMed search for "prostate cancer mouse model" yields 3,200 publications and this list continues to grow. The first generation of GEM utilized the newly discovered and characterized probasin promoter driving viral oncogenes such as Simian virus 40 large T antigen to yield the LADY and TRAMP models. As the PCa research field has matured, the second generation of models has incorporated the single and multiple molecular changes observed in human disease, such as loss of PTEN and overexpression of Myc. Application of these models has revealed that mice are particularly resistant to developing invasive PCa, and once they achieve invasive disease, the PCa rarely resembles human disease. Nevertheless, these models and their application have provided vital information on human PCa progression. The aim of this review is to provide a brief primer on mouse and human prostate histology and pathology, provide descriptions of mouse models, as well as attempt to answer the age old question: Which GEM model of PCa is the best for my research question?
Prostate cancer (PCa) is the most commonly diagnosed cancer in the USA [1] and carries a lifetime risk of one in six [2] . Due to the increase in early detection through prostate-specific antigen (PSA) screening, mortality from PCa is decreasing; however, the PSA test has recently come under increased scrutiny, as it may contribute to overtreatment for low-risk PCa [3] . On the other side of the spectrum, PCa patients with metastatic disease, whose 5-year disease-specific survival rate has remained at about 30 % from 1973 [2, 4] , continue to fare poorly due to lack of curative therapeutics for advanced and metastatic disease. Therefore, it is important that basic and translational research continue in an effort to better understand the molecular events that contribute to indolent versus aggressive disease, as well as develop novel targeting strategies for advanced disease. In fact, a focus on distinguishing indolent disease from aggressive PCa, as well as understanding mechanisms of progression to metastasis, has been a focus of PCa researchers for many years. However, it was only with the advent of genetically engineered mice (GEM) that identifying specific molecular alterations related to PCa in a physiological context became a reality. In an effort to develop models of human cancers, the Mouse Models of Human Cancer Consortium (MMHCC) was formed in 1999 by the National M. M. Grabowska (*) : D. J. DeGraff : X. Yu : R. J. Jin :
Institutes of Health (NIH). The PCa subset of the NIH MMHCC is comprised of PCa researchers working with GEM as well as associated human and mouse pathologists. As a subset of the PCa working group, the Prostate Cancer Steering Committee, now the Prostate Pathology Committee (PPC), evolved in order to provide a consensus on observed mouse pathologies.
Modeling PCa with GEM is complicated by two facts. While human males have a one in six lifetime risk of developing PCa [2] , mice very rarely develop spontaneous PCa [5] , suggesting there are fundamental differences between human and mouse prostate biology and tumorigenesis. Also, the murine prostate is not a single organ as in the human, but rather is divided into four distinct lobes. This raises debate over which lobe(s) of the mouse prostate is the most representative of human prostate, as well as concerns over the lack of similarity of murine stroma surrounding the lobes, in comparison to human stroma. The advantage, however, of using GEM models of PCa is that the disease progresses in a shorterlived, immunocompetent host within a genetically homogenous animal population, allowing for well-controlled, temporal observations on the effect of gene manipulations and drug treatments.
Fifteen years of studying various GEM has revealed that no single mouse model encompasses the entire spectrum of human PCa progression faithfully. PCa is usually a slowly developing cancer occurring late in life, and modeling these features in mice is counterproductive to experimental design. Nevertheless, several initial criteria are important to consider. A mouse model of PCa should reproducibly recapitulate one or more phases of disease progression. Murine PCa (mPCa) should originate within epithelial cells of the prostate. Ideally, the model should progress to an invasive adenocarcinoma, but prostatic intraepithelial neoplasia (PIN), the precursor lesion to adenocarcinoma, can also be informative. As most human PCa responds to androgen deprivation therapy (ADT), the tumor should be androgen dependent (AD) and respond to castration (preferably, not because expression of the transgene responsible for tumorigenesis is driven by an androgendependent promoter). In order to be considered a model of progression to "castrate-resistant" prostate cancer (CRPC), experimental evidence of tumor regression in the GEM must be followed by subsequent failure and continued outgrowth of the tumor. Failure of ADT and emergence of CRPC in humans is usually associated with expression of nuclear androgen receptor (AR) since CRPC remains dependent on AR signaling [6] . If mPCa does not respond to castration or is AR negative, the tumor should be classified as androgen independent (AI), and this behavior may be associated with molecular mechanisms comparable to human AI disease. Often, this phenotype in mice involves neuroendocrine (NE) differentiation. Although pure NE or "small cell carcinomas" are rare in humans as a primary PCa, treated PCa patients frequently develop NE differentiation and frank NE carcinomas sometimes constitute these recurrent/resistant tumors [7] . Finally, in the mouse models, the tumors should achieve metastasis, ideally to bone, the most common site of metastasis observed in human PCa patients [8] . Rare bone metastases have been reported in some GEM, but visceral metastases are more common and also valuable.
Human versus mouse

Prostate anatomy
The human prostate sits at the base of the bladder and encircles the urethra. It is traditionally divided into four zones and right or left: the anterior fibromuscular stroma zone, the periurethral transition zone (TZ), the peripheral zone (PZ), and the central zone (CZ). In fact, the prostate is composed of multiple glands in each of these "zones" with ductal conduits to the urethra. All of these glands are invested in a contiguous fibromuscular stroma which abuts the lower pelvic soft tissues such that there is neither a true capsule surface nor investment with peritoneal lining. Conversely, the mouse prostate exists as four separate lobes with conduits to the urethra but which abut the peritoneal space and are invested within a peritoneal lining. The anterior, dorsal, lateral, and ventral prostate lobes are paired right and left in the mouse and each has a distinct anatomy and histology. Detailed descriptions of individual lobe histology are summarized in Suwa et al. [5] . Although there have been studies suggesting that specific mouse lobes or mPCa lesions in specific lobes are more representative of human prostatic zones and PCa, the PPC concluded that it is premature to assume one mouse lobe is more relevant to human prostate and PCa than another [9, 10] .
At the microscopic level, the mouse and human prostate become more similar. Here, fibromuscular stroma, which is much more pronounced in human than mouse, encircles glands of epithelium [9] . The epithelial cell compartment is comprised of two cell layers, consisting of basal and terminally differentiated luminal cells, the later which secrete prostatic secretions in the luminal space. In addition, there are populations of epithelial cell precursors as well as scattered neuroendocrine cells. In the mouse, basal cells give rise to luminal and neuroendocrine cells during prostatic development [11] , but in the adult mouse, basal to luminal cell differentiation following castration and testosterone readministration either does not occur [12, 13] or it is a slow and rare event [14] mediated by rare bipotential progenitors [15] . Interestingly, GEM studies suggest that the PCa tumor cell of origin in mPCa can be luminal, basal, or neuroendocrine [13] [14] [15] [16] [17] .
Prostate pathology
For an extensive review of human and mouse pathology, please see Shappell et al. [9] and Ittmann et al. [10] , which elegantly summarize human and mouse pathology, as well as present the consensus findings of the MMHCC PPC. Definitions of mouse pathologies are summarized in Table 1 , and mouse versus human PCa progression is illustrated in Fig. 1 with histology provided in Fig. 2. 
Hyperplasia
In the human, benign prostatic hyperplasia (BPH) is not a precursor lesion to PCa, and BPH patients do not have an increased incidence of PCa [18] . The PZ is the main zone of origin for PCa, while BPH arises solely in the TZ [9] . Because there is no consensus on which lobes of the mouse prostate most accurately recapitulate the human prostate zones [9, 10] , mPCa can begin as hyperplasia. Epithelial hyperplasia in the mouse can be diffuse or focal, have small areas of nuclear atypia, and tufting, and papillary or cribiform changes are not uncommon [9, 10] .
PIN
PIN in humans is characterized by the focal proliferation of atypical cells and appears to be the result of a clonal expansion of a single transformed cell within the gland or duct. Although most PIN lesions remain indolent, high grade PIN (HGPIN) on biopsy is associated with a high risk for subsequent adenocarcinoma, and it appears that at least some HGPIN lesions can progress to adenocarcinoma [19] . HGPIN phenotypes with similarities to uncommon PCa subtypes have been recorded, but are often not identified in conjunction with these cancers [20] .
Similarly, mouse PIN (mPIN), where atypical cells within established glands become more pronounced over time, can progress to carcinoma [9, 10] . There have been several proposed PIN grading schemes for Simian virus 40 (SV40)-and non-SV40-based models [21, 22] . For example, Park et al. proposed lesions of mPIN I-IV, where mPIN I lesions have one or two layers of atypical cells, which can progress through mPIN IV lesions which fill the entire lumen and may bulge into the fibromuscular sheath, resulting in discontinuous smooth muscle actin and laminin [22] . In contrast to human PIN grading, the authors did not use cytologic criteria (dysplasia), but instead use extent criteria. Nevertheless, the Fig. 1 Schematic representation of PCa progression. In the mouse, the prostate gland is surrounded by a thin stromal layer, while human prostate glands are surrounded by thick fibromuscular stroma. The precursor lesion to PCa is PIN, which is highlighted by the proliferation of atypical epithelial cells within the glands. PIN progresses to carcinoma. Carcinoma is characterized by invasion into the stroma by atypical epithelial cells and loss of basal cells. In humans, almost all PCa is adenocarcinoma. Systemic treatment includes ADT, and advanced PCa patients will frequently progress to CRPC, which has been associated with development of NE differentiation. These heavily treated patients can progress to NE tumors, which occur very rarely at primary diagnosis. Conversely, in mPCa, models often develop NE differentiation and NE tumors. Sarcomatoid tumors (rare in humans) are also seen as primary mPCa. Mouse models of adenocarcinoma may also progress to NE or sarcomatoid tumors following surgical castration, a proxy for ADT. Metastatic carcinoma, characterized by the dissemination and colonization of tumor cells in distant sites, shows a predilection for specific sites. In human PCa, metastatic lesions are found predominantly in bone with NE cancers more common in visceral organs. mPCa, however, homes largely to lymph nodes and visceral organs with very rare examples of mPCa bone involvement criteria are easily applied and therefore useful in reporting and comparing disease in GEM. The main distinction between epithelial hyperplasia and mPIN is that mPIN arises in discrete foci (clonal expansions) and shows some evidence of nuclear atypia/dysplasia. Experimentally, it can be demonstrated to be progressive, while hyperplasia in GEM is more diffuse (poly 
Carcinoma
In human PCa, progression of HGPIN to carcinoma is defined by the presence of epithelial invasion into stroma. When HGPIN lesions progress to PCa, the majority (99 %) of cases are adenocarcinoma, while the remaining 1 % is comprised of NE or small cell carcinoma and even rarer subtypes such as sarcomatoid carcinoma, which are discussed in more depth by Humphrey [23] . Adenocarcinomas are an AD PCa and are graded using the Gleason pattern scale, in which a pathologist scores the level of disorganization (one normal glandular structure to five very abnormal) of the primary/dominant area of tumor as well as any secondary areas of the tumor. The Gleason grade is the sum of these two scores and this is used in conjunction with the tumor stage for prognostic purposes. NE and sarcomatoid carcinomas have distinct histologic phenotypes, are often scored as Gleason pattern 5, and are usually AI limiting the utility of hormonal therapy. In addition, they typically do not respond well to chemotherapy and radiation [24] [25] [26] . Unlike human PCa, where the majority of tumors are adenocarcinomas, GEM tumors exhibit adenocarcinomas, NE, and sarcomatoid carcinomas. Murine adenocarcinomas often have squamous or mucinous differentiation which is uncommon in human PCa [10] . Additionally, many aggressive GEM models progress to sarcomatoid carcinoma tumors [10] , suggesting an inherent difference between human and mouse PCa progression. Some publications have referred to these tumors as adenocarcinomas which have undergone epithelial to mesenchymal transition (EMT) [27] [28] [29] [30] . mPCa can be broken down into microinvasive and invasive carcinoma, which is determined by the amount of infiltration and destructive growth. Invasive carcinoma consists of a neoplastic proliferation outside of the ducts and may invade contiguous local structures within and beyond the prostate. Meanwhile, microinvasive carcinoma is always seen in the setting of an mPIN lesion, but with individual cells or small nests of cells invading beyond the basal layer and basement membrane of the gland space. Both invasive and microinvasive mPCa is usually associated with reactive stroma changes, whereas human PCa typically elicits very little stromal reaction, at least when evaluated by histology alone [10] . It should be noted, however, that when reactive stroma is observed in human PCa patients by additional immunohistochemistry (IHC), it correlates with poor prognosis [31, 32] , and stroma derived from PCa patients (carcinoma-associated fibroblasts [CAFs]) [33] , can transform non-tumorigenic immortalized epithelial cell lines, clearly suggesting an important role for the stroma in human PCa. For a comparison of human and mouse PCa progression, see Fig. 1 .
Metastasis
About 15 % of PCa patients present with metastatic disease, and 20-30 % of patients treated with definitive local therapy will progress to metastatic disease [34] . Of these metastatic patients, 90 % suffer from skeletal metastases which are largely osteoblastic (bone forming) [8] . Of the 90 % of patients suffering from bone metastasis, this is the sole site of metastasis for 86 % of them [35] . Conversely, NE tumors exhibit metastatic tropism to visceral organs (bladder, lymph nodes, liver, adrenal gland), brain, and spinal cord but also generate lytic bone lesions [25] . Patients presenting with NE PCa frequently present at an advanced stage with symptoms due to metastases.
There are limited GEM which develop distal metastasis. These metastatic lesions tend to occur in visceral organs, such as lymph nodes and lungs, and are largely NE and sarcomatoid carcinomas. Although GEM models of PCa can exhibit bone metastasis, the frequency is low and some descriptions were later found to be direct extension and invasion from the prostate rather than true hematogenous bone metastases [10, [36] [37] [38] . The relative paucity in which GEM models of PCa develop distal metastases may be explained by the observation that prostate tumor burden can be extensive, thus not providing time for mice to develop overt metastases.
Castrate-resistant prostate cancer
Because PCa usually depends on AR signaling, advanced PCa is treated by ADT, and while successful for a time, nearly all patients relapse and progress to CRPC [39] . Although initially termed AI disease because it no longer responds to firstgeneration ADT, subsequent studies of CRPC have revealed that AR signaling continues through a variety of mechanisms including increased AR expression, AR splice variants (ARvs), ligand-independent activation, activating point mutations in the AR, and increased androgen and dihydrotestosterone synthesis by the adrenal glands and by the tumor [6] . The continued dependence of CRPC tumors on AR signaling allows patients to respond to high affinity anti-androgens such as MDV3100 (enzalutamide) [40] and agents targeting the androgen biosynthesis pathway such as abiraterone [41] . Another method by which tumors can escape ADT is by undergoing NE differentiation, whereby cells acquire NE markers such synaptophysin and chromogranin. Focal NE differentiation is common in human PCa [7] and heavily ADT-treated adenocarcinoma patients can develop frank NE tumors [24] . These patients therefore have progressed from CRPC to true AI disease. For a comparison of NE and NE differentiation in human and mouse, see Fig. 3 . A much less common response to treatment is the progression to sarcomatoid carcinoma, but this is rare in human PCa patients [26] .
Modeling ADT in GEM can be achieved by murine orchiectomy (surgical castration) or treatment with pharmacological inhibitors of AR or androgen biosynthesis. In order to model CRPC in GEM, regression of the established tumor after ADT followed by subsequent regrowth/recurrence of the tumor should be demonstrated. It is important to note that commonly used promoters to drive transgene expression (such as the probasin [PB] and Nkx3.1 promoters) are themselves androgen regulated [42] [43] [44] [45] [46] . Therefore, tumor regression following ADT in mice utilizing these promoters should be interpreted cautiously. In addition, the mechanism that causes the outgrowth of the tumor following ADT is important. The ideal GEM model would, therefore, show progression to CRPC through mechanisms utilized by human PCa, such as continued AR signaling, NE differentiation, or the rare progression to AI disease via development of NE tumors. Although not every GEM model has reported castration studies, the majority of models tested progress to be AI, meaning they either never regress or rebound rapidly following castration by the development of AR-negative NE or sarcomatoid carcinomas.
Experimental considerations for GEM studies
There are several considerations to make when selecting the appropriate mPCa model. First and foremost, the model must be representative of the disease state under examination. Models of PIN and early invasion, of which there are many, are appropriate for prevention and early detection studies of PCa. There are fewer models which progress to adenocarcinoma and metastasis, which can be used to examine novel therapies and metastasis promoters. Models of AI and CRPC are limited and some remain poorly defined. Therefore, picking a model can be challenging if the focus is metastatic or castrate-resistant disease, where models are limited and penetrance is low. Again, selecting an appropriate promoter to drive the transgene or Cre is important. As previously mentioned, utilizing an androgen-dependent promoter to drive transgene expression, such as one driven by PB, may not be appropriate for ADT studies. Another concern is the utility of the model. Ideally, a model should have high penetrance of phenotype, consistent latency, and progression. Although the best model may include three genetic events driven by a prostate-specific Cre, the breeding of four alleles into a single mouse is time consuming and requires a large breeding program, which is not practical for most investigators, particularly if the penetrance of the phenotype is limited. Additionally, caution should be used in selecting the background of mouse strains for proposed studies. For example, microarray comparison of five commonly used mouse strains has demonstrated that 932 genes have strain-specific gene expression differences, which can account for varying tumor penetrance on different backgrounds [47] . These strain differences have been reported to result in dramatic differences in incidence of NE tumors [48] . Also, some strains of mice develop spontaneous lung neoplasm which can be mistaken for metastases unless appropriate IHC analysis is performed [10] . Similarly, the method of gene deletion targeting can affect the result. Different groups have observed different results knocking out the same gene using the same Cre, and this may be attributable to strain differences, as well as excision of different exons during homologous recombination with Cre. These concerns will be discussed as appropriate in the sections below. In an attempt to aid investigators, select mouse models are summarized in Table 2 , including the most severe phenotype, penetrance, and multiple reports, if available.
4 Mouse models of prostate cancer 4.1 First-generation mouse models: oncogenic "sledgehammer"-driven mouse models Early modeling of mPCa focused on eliciting a tumor in the prostate, through whatever means necessary, including expression of ectopic oncogenes. The SV40 early region, which is comprised of large tumor T antigen (Tag) and small t antigen, was the first oncogene targeted to the murine prostate for this purpose. Although Tag was originally identified to bind and inhibit the p53 and Rb tumor suppressors, while small t antigen binds the phosphatase pp2A, it is now recognized as targeting many other intracellular proteins involved in multiple aspects of transformation [49] , making SV40 early region an oncogenic sledgehammer.
TRAMP
The first reported GEM of PCa used the prostate steroid binding protein (C3-1) promoter driving the expression of the SV40 early region which resulted in prostatic and mammary gland adenocarcinoma and rare lung metastasis [50] . Since this C3-1 promoter was not specific for the prostate, a prostate-specific construct was developed using the PB promoter [42] . Using the small PB promoter (−286/+28 b.p.) yielded variable expression of SV40 early region and varying phenotypes in the founder animals [51] , but selecting a line with higher levels of transgene expression in the ventral and dorsal lobes, yielded the transgenic adenocarcinoma mouse prostate (TRAMP) model. This model is characterized by rapid progression to prostatic neoplasia at 28 weeks, with 100 % penetrance of lymph node metastasis and 67 % pulmonary metastasis [38] . The authors also reported bone metastasis on the FVB background, but not the C57Bl/6 [38] , as well as differences in survival and tumor origin (dorsolateral versus lateral, respectively) [21] . Further studies of TRAMP mice have revealed that the androgen dependence of the tumors is variable, i.e., some animals (20 %) show a dramatic loss of genitourinary volume following castration while others maintain a weight similar to or greater than intact transgenic animals [52] . Of the castrated TRAMP mice which progressed, their disease was poorly differentiated and more metastatic, as opposed to the better differentiated tumors in intact animals [52] . These AI tumors are 100 % synaptophysin positive, and metastasis are 67 % positive, suggesting these tumors are NE [53] . TRAMP mice also exhibit phyllodes-like lesions with varying degrees depending on the mouse background [48, 53] . Extensive analysis of TRAMP mice has also revealed that they harbor AR single base substitution within their tumors, and the incidence of AR mutation increases with castration [54] . As one of the first models, TRAMP has been utilized to validate genes involved in PCa progression [55] , as well as chemopreventative approaches and novel therapeutics [56] .
LADY
In the LADY model, the large PB promoter (LPB) drives expression of SV40 Tag (a deletion construct prevents the expression of the small t antigen). Although similar targeting strategies were employed to generate these models, due to the lack of small t antigen, the LADY is not a TRAMP. Among the 11 lines that were generated, phenotypes varied, likely due Mouse models were selected based on their usefulness to address specific aspects of PCa. Time, penetrance, and pathology are reported as in referenced manuscript. These and additional models are reviewed in greater detail within the review.
Path. additional pathology reports published on the model, outside of the primary authors, if available; C57 C57Bl/6, AEH atypical epithelial hyperplasia; PIN prostatic intraepithelial neoplasia; NE neuroendocrine; NED NE differentiation; AD adenocarcinoma; SC sarcomatoid carcinoma; PI post-induction; AI androgen independent; CRPC castrate-resistant PCa; SQD squamous differentiation CXT castration Cancer Metastasis Rev (2014) 33:377-397 to variable transgene expression. The lines were termed 12 after the LPB fragment, estimated to be 12 kb, T for the Tag transgene, and numbered subsequently to 11. Collectively, these lines are referred to as LADY. The most aggressive mouse line developed from 12T-7 which had multiple transgenes on two chromosomes. Offspring of this founder were divided into the fast, 12T-7f, and slow, 12T-7s, growing lines. Each progressed to develop mPIN with limited local invasive adenocarcinoma by 15-22 weeks [57] . Although this line grows tumors very quickly, it never achieves metastatic disease in intact mice, so it is an excellent system to interrogate genes involved in promoting metastasis. To that end, the 12T-7s line, when crossed with PB-hepsin, drives metastasis to the liver, lung, and bone [58] . These metastasis are all NE cancers that affect 50 % of the animals, 33 % of which had bone metastases, resulting in a 17 % penetrance of bone metastasis in the model overall [58] . Conversely, the mouse line with the slowest progression to dysplasia was the 12T-10 line [57] . The 12T-10 line faithfully recapitulates HGPIN with limited stromal involvement, as seen in human HGPIN and PCa, and then progresses to invasive NE carcinoma around 33 weeks of age, eventually with a 100 % penetrance [59] . Although bone metastases are rare, older 12T-10 mice (48-52 weeks) exhibit frequent metastasis to lymph nodes, lungs, and liver [59] . Studies using the LADY model have indicated that micronutrients (vitamin E, selenium, and lycopene) can reduce PCa incidence [60, 61] . Coupling LADY with loss of transforming growth factor β receptor type II (TGFβ RII), which is lost during PCa progression [62] , drives more invasive mPCa and increases visceral metastasis [63] . All of these tumors are NE cancers.
Interestingly, activation of β-catenin in the 12T-7s shifts the pathology of the mPIN towards adenocarcinoma with focal NE differentiation without apparent NE cancer [64] , suggesting that the Wnt/β-catenin pathway may control adenocarcinoma and NE differentiation development. β-catenin stabilization alone is sufficient to drive the formation of mPIN [65] . Other studies which have utilized PB-Cre4 to inactivated APC have yielded adenocarcinoma with areas of squamous metaplasia [66] , which the PCC has classified as predominantly intracystic carcinoma [10] .
Considerations for utilizing the SV40 Tag models
The major advantage of all the Tag-based models is they are easy to generate, have high penetrance, well-characterized progression, develop metastases, and they have been used in numerous studies. However, there are several concerns with use of the SV40 Tag models, perhaps most obviously that Tag is an exogenous oncogene which does not exist in human PCa. However, Zhou et al. have shown that simultaneous PBCre4 deletion of p53 and Rb results in highly aggressive and metastatic carcinomas, which are AI and express NE markers [67] , whereas inactivation of Rb alone via a modified Tag fragment yields only microinvasive adenocarcinoma [68] . This may be due to the timing of tumor suppressor inactivation. Meanwhile, Vinall et al. showed that heterozygous knock-in of a common tumor-associated p53 mutation (R270H) was sufficient to generate HGPIN, and these sometimes progressed to non-NE sarcomatoid carcinomas. The authors proposed that the mutant p53 was both dominant negative and also might have a gain of function [30] . In human PCa, loss of Rb is believed to occur early in 60 % of patients [69] , while the loss of p53 by mutation or deletion occurs in 20-40 % of more advanced and metastatic disease [70, 71] . Thus, the Tag models recapitulate the loss of Rb/p53 seen in human PCa, but these mouse models develop AR-negative NE cancers rather than the AR-positive adenocarcinoma seen in humans.
Another concern is that the Tag models mainly produce NE cancer and other carcinoma subtypes, which are rare in the human population. For example, in TRAMP, subsequent studies have shown that the FVB background produces NE cancer, while only 20 % of the BL/6 produces NE tumors [48] . Castration of TRAMP animals on a mixed background results in 100 % progression to NE tumors [53] . Others have suggested, following extensive analysis of TRAMP tumors on both backgrounds, that TRAMP tumors do not meet the criteria for adenocarcinoma, and instead, these were classified as atypical epithelial hyperplasia [48] . The positive aspect of these observations, however, is that patients do undergo NE differentiation as they progress to CRPC and some CRPC patients will develop NE tumors [24, 25] . These clinical results should bring renewed interest in mouse models that develop NE cancer. Therefore, TRAMP studies may identify novel pathways critical for these late-stage tumors. Additionally, accepting that TRAMP produces mice with mostly NE tumors allowed Qi et al. to observe that loss of Siah2 prevented formation of NE tumors and instead maintained them as atypical epithelial hyperplasia [72] .
Development of prostate-specific Cre recombinases
Early studies of prostate tumorigenesis in the mouse were severely limited by the lack of a prostate-specific promoter to "drive" the expression of Cre recombinase, relying instead on global knockouts. Many genes of interest in PCa are either embryonic lethal or cause other neoplasias, which result in mouse death prior to development of PCa. Moreover, any prostate phenotype in a global knockout mouse should be interpreted with caution, as it may be representative of a developmental phenotype. The identification of rat PB as an androgen-responsive prostate-specific promoter [42, 45, 73] provided the groundwork to generate the first prostate-specific Cre, PB-Cre [74] . However, the low expression of PB prompted the subsequent refinement of PB into ARR 2 PB [46] , resulting in the development of the PB-Cre4 mouse, which expresses high levels of Cre in the luminal cells of the mouse prostate [75] .
Second-generation mouse models: models based on human genetic lesions
Following the successes and limitations of the Tag mouse models and the advent of PB-Cre4, researchers began targeting genetic lesions observed in human PCa patients to murine prostates to develop new and more relevant mouse models of PCa. These new models incorporate single or multiple genetic losses and gains, as well as traditional and novel Cre recombinase targeting strategies.
Pten
Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is frequently lost in a variety of human cancers, and it is considered a significant tumor suppressor [76] . The primary role of PTEN is to dephosphorylate phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3), the accumulation of which activates AKT and PDK1, resulting in cell proliferation and survival [77] . Extensive research efforts by numerous groups have demonstrated that PTEN plays numerous roles, including supporting cell metabolism, polarity, motility, cancer "stem-ness," and stromal-epithelial interactions [76] . In human PCa, PTEN deletions occur in approximately 23 % of HGPIN, 69 % of localized PCa [78] , and 86 % of metastatic CRPC [79] .
Pten heterozygous knockout studies The homozygous knockout of Pten in the mouse is embryonic lethal approximately at embryonic days 3.5-9.5 [80] [81] [82] . Heterozygous Pten knockout (Pten +/− ) mice develop lymphomas, dysplastic intestinal polyps, endometrial complex atypical hyperplasia, PIN, and thyroid neoplasms, but some tumors (skin, breast, brain) commonly associated with PTEN deletion in humans are largely absent from these mice [82] . Considering the variability in the onset of embryonic lethality, it is perhaps unsurprising that Pten +/− mice have a spectrum of prostate phenotypes. Di Cristifano et al. reported seeing that 70 % of mice had hyperplasia and dysplasia between 6 and 30 weeks [80] . Lowering Pten expression even further by introducing a hypomorphic allele (Pten +/hyp ) was reported to promote the progression from hyperplasia to PIN as compared to the Pten +/− controls [83] . Podsypanina noted hyperplasia in 62.5 % of mice and PIN in 37.5 % at 6-22 weeks with invasion rarely seen [82] , while Stambolic reported that in older mice aged 40-65 weeks, the most common histology was PIN (25 %), with one case of adenocarcinoma (6.25 %) [84] .
Applications of the Pten heterozygous knockout Due to the slow progression of PCa in Pten +/− against a background of severe health issues, some of these studies combined Pten +/− mice with other genes lost in PCa to accelerate disease progression. For example, decreased expression of p27 Kip1 in human PCa correlates with increased recurrence following radical prostatectomy, independent of stage and grade [85] , but p27
Kip1 loss in a mouse results in only prostate hyperplasia [86] . Once coupled with a heterozygous Pten deletion, however, these mice rapidly (13-22 weeks with 100 % penetrance versus 39-69 weeks with 50 % penetrance) develop PIN and about 25 % of mice develop invasive PCa [87] . It should be noted that all Pten +/− ; p27
Kip1−/− die by 22 weeks due to intestinal occlusions [87] .
Similarly, NKX3.1 plays a critical role in urogenital development and function [43, 88] and is frequently lost early in human PIN and PCa samples [89, 90] [89] . Surgical castration of these animals at 24 weeks resulted in partial regression of the lesions and decreased expression of AR [94] . Later studies would determine that aging Pten +/− ; Nkx3.1 +/− mice beyond a year allowed the HGPIN lesions to progress to invasive adenocarcinoma in 84 % of the animals examined [94] . [95] . Wang et al. reported hyperplasia at 4 weeks, PIN at 6 weeks, and full adenocarcinoma with 100 % penetrance at 9-29 weeks [95] . Mice castrated at 16 weeks, when adenocarcinomas are established, respond to surgical castration, as observed by an increase in apoptosis [95] . In animals aged 11-17 weeks with established adenocarcinoma, castration did extend the survival time of castrated versus intact animals; however, castrated animals maintained prostates 5-10-fold larger than WT controls after 11 weeks of castration. In these castrated animals, IHC AR levels were diminished [95] , contrary to human CRPC [96] [97] [98] . Decreased levels of AR are consistent with other studies with castrated Pten-driven tumors [99, 100] , although some did observe increased NE differentiation [99] .
Subsequent studies would determine that castration or genetic ablation of the AR at any age in the Pten flox/flox does not prevent tumor formation [101] , suggesting that these tumors are AI from the start. Additionally, Wang et al. also observed metastasis to the lymph nodes and lung at 12-29 weeks in 45 % of the animals [95] , as did an additional group employing the PB-Cre4 [99] .
While Trotman et al. had also observed invasive PCa by 42 weeks, the neoplastic lesions observed in the lungs were not consistent morphologically or molecularly with PCa metastases [83] . Additionally, the studies of Trotman et al. demonstrated that Pten dose was critically important for tumor promotion, where a mouse with one allele of Pten deleted had a slower progression to PCa than a mouse with a Pten hypomorphic allele; which in turn exhibited a slower progression to invasive carcinoma compared to a mouse which had both alleles of Pten deleted in the prostate [83] . Further studies utilizing the same Pten flox/flox mouse demonstrated disease progression from HGPIN at 9 weeks to invasive cancer at 28-42 weeks, but the mice never developed metastatic disease even up to 130 weeks of aging [102] . The conditional knockout of Pten on a mixed strain background consistently progresses to invasive cancer, although the penetrance and timeframe vary between different studies [83, 95, 99, 100, 102, 103] . Moreover, the development of metastatic lesions has only been reported in two studies, highlighting the critical importance of age-matched littermate controls for all experiments. Interestingly, a constitutive activation of Akt in the prostate only results in PIN and does not progress at any time point examined [104] , confirming that Pten loss has additional consequences beyond constitutive activation of AKT.
Applications of the conditional Pten knockout model Pten conditional knockout mice have been used for several application-based studies, which generally have focused on determining if a specific gene of interest is involved in promoting or repressing mPCa progression. Some of these studies have generated additional and improved PCa mouse models, while others have focused on molecular events of particular interest in human PCa.
Alternative promoters Several studies have focused on driving Pten loss with alternate promoters. Driving Pten loss with the human PSA promoter results in 100 % incidence of adenocarcinoma and carcinoma by 56 weeks [103, 105] . This is a much slower progression to adenocarcinoma than the PB-Cre4-driven Pten loss and is likely due to the lower levels of transgene expression from the PSA promoter [103] . An inducible Pten knockout has also been developed by crossing the Pten flox/flox animal with the Nkx3.1-Cre ERT2 mouse [106] , which yields temporal control over Pten loss, while additionally ablating one allele of Nkx3.1, as Cre recombinase was "knocked-in" to the endogenous Nkx3.1 locus. These animals, following inductions with tamoxifen at 2 months, slowly develop HGPIN (PIN III, IV) with microinvasion [107] . This model is perhaps the best model of CRPC in mice because following castration, tumors regress, but then continue to progress to microinvasive adenocarcinoma while maintaining nuclear AR [107] . This study suggests AR-mediated signaling remains active in these mice, much as it does in human patients [96] . Combining castration (a proxy for ADT) with clinically used inhibitors of AKT (MK2206) and mTOR (MK8669) significantly reduced tumor burden in these mice, suggesting this combination may be useful in human patients [107] . Interestingly, the authors note some animal tumors exhibit squamous metaplasia and carcinoma [107] , which has been observed in other Pten models as well. An activated BRAF mutant (BRAF V600E ) [108] bred into this model decreased the time required to develop adenocarcinoma and promoted metastasis to lymph nodes and lung but made these tumors castrate resistant (AR levels following castrations were not shown) [109] . Analysis of animals by the PPC determined that after 30 weeks following tamoxifen induction these tumors had progressed to sarcomatoid carcinomas [10] . Subsequent studies by Aytes et al. have also coupled Nkx3.1-Cre
ERT2
; Pten flox/flox mice with an oncogenic Ras (Kras LSL−G12D/+ ) [110] . Nkx3.1-Cre ERT2 ;Pten flox/flox ; Kras LSL−G12D/+ mice also develop aggressive adenocarcinomas with metastasis (100 % penetrance with metastasis to mostly lung and liver) [110] with noted focal intestinal metaplasia [10] . Although there were no bone metastases observed in these compound mice, disseminated tumor cells were isolated from the bone marrow [110] , suggesting that these tumor cells are capable of homing to bone.
Another promoter strategy has been designed to determine the tumor cell of origin by targeting deletions to the luminal or basal compartment. In the mouse, basal cells give rise to luminal and neuroendocrine cells during prostatic development [11] , but in the adult mouse, basal to luminal cell differentiation was reported not to exist [12, 13] . However, recent reports have demonstrated that basal to luminal cell differentiation is a slow and rare event [14] mediated by rare bipotential progenitors [15] . Nevertheless, both basal and luminal cells have been reported to be the tumor cell of origin for PCa [13, 106, 111] . Up until the report by Choi et al., all of the Pten deletions in the prostate were targeted to the luminal compartment. Indeed, deletion of Pten by an inducible basal CK14-Cre ERT2 or luminal CK8-Cre ERT2 both gave rise to PIN and adenocarcinoma [13] . Subsequent studies by Lu et al. demonstrated that basal-derived Pten knockout lesions progressed more rapidly and were more aggressive than luminal-derived lesions [14] . Interestingly, both basal-and luminal-derived lesions continued to grow under castrated conditions and demonstrated loss of AR expression, particularly notable in the basal-derived tumors [14] . Conversely, other groups have reported that the luminal-derived tumors
) progress more rapidly [13, 15] , which raises additional questions about the contributions of mouse background and Cre penetrance to observed phenotypes. The neuroendocrine compartment can also give rise to PCa as exhibited by targeting SV40 T antigen expression with the cryptidin-2 promoter [16, 17] .
Additional gene alterations Another interesting approach has been to complement previous observations from human PCa and apply them to this model. Based on the success of the Tag model, an obvious gene of interest was Trp53, which encodes the tumor suppressor p53. While tissue-specific knockout of p53 results in no observable phenotype before or after 75 weeks, coupling it with a tissue-specific Pten knockout results in very aggressive PCa with onset at 11 weeks and 100 % penetrance of invasive adenocarcinoma resulting in death by 28 weeks with no observed metastasis [102] . The progression of these mice, described extensively by Martin et al., demonstrated that the adenocarcinomas progressed to sarcomatoid carcinomas, and occasionally, there were areas of basal carcinoma and prostatic urothelial carcinoma [27] . The PPC, following examination of slides from Chen et al., also found the 30-week-old animals to display feature of a sarcomatoid carcinoma [10] .
Interestingly, coupling the PB-Cre4 Pten flox/flox ; p53
flox/flox mouse with telomerase loss then reactivation results in lethal aggressive adenocarcinoma with bone metastasis observed in 25 % of the mice by 24 weeks of age [37] . Upon examination of samples provided by Ding et al., the PPC determined that these tumors represented adenocarcinomas and sarcomatoid carcinomas, with the sarcomatoid component leading to bone invasion [10] . Regardless, examination of the metastatic samples indicated that 11 % had lost Smad4 [37] , which is lost during PCa progression mostly by promoter methylation [112] . It was previously shown that Smad4 knockout on the background of a prostate-specific Pten deletion drives progression to invasive disease by 15 weeks of age with observed lymph node and lung metastasis (100 and 12 %, respectively) [113] . In fact, when Ding et al. generated a triple prostatespecific knockout of Pten, Smad4, and p53, the survival time dropped to 17 weeks and had 12.5 % mice with bone metastasis [37] . A relatively recent discovery in human PCa has been the gene fusion event between the androgen-regulated TMPRSS2 promoter and ETS family members (ETV1, ERG, ETV4) [114] [115] [116] . Interestingly, PB-driven ERG results in PIN [117] , as does ARR 2 PB-driven overexpression of ETV1 or ERG [116, 118] or no phenotype over the lifetime of the mouse [119] . Similarly, driving TMPRSS2-ERG with ARR 2 PB promoter yielded no histological phenotype up to 60 weeks [120] , and similar negative results were reported following "knocking-in" the ETV1 or EGR into the TMPRSS2 locus [121] . However, when ERG is overexpressed on a Pten +/− background, within 26 weeks, all mice develop invasive PCa [119] . Combining the ERG or ETV1 knock-in into the TMPRESS2 locus with the PBCre4 Pten flox/flox mouse yields invasive adenocarcinoma or invasive carcinoma with lymph node metastasis, respectively [121] . This is particularly relevant to human PCa because patient samples frequently have both the TMPRSS2-ERG gene fusion and PTEN loss [119, 120] , and patients who lack these genetic alternations have a diminished chance of biochemical failure following ADT [122] .
Other successful combinations of Pten loss include pairing it with overexpression of fibroblast growth factor 8 isoform b so that the bigenic animals progress from adenocarcinoma to lymph node metastasis [123] . Loss of Gata3 coupled with Pten loss results in decreased time to invasion versus Pten loss alone [124] . Overexpression of Bmi1 with a Pten haploinsufficiency drives invasive adenocarcinoma [125] . Coupling PB-Cre4 Pten flox/flox with an activated K-RAS (K-ras G12D/WT ) [126] , which alone cannot induce PCa, results in rapid progression to carcinoma with heterogeneous AR expression, reduced AR target gene expression, and 100 % penetrance of lung and liver metastasis [29] . Interestingly, examination of bone marrow aspirates from these mice revealed cells expressing PB-Cre4, Pten deletion, and the activated K-Ras; however, neither imaging nor histology studies were able to observe bone metastasis [29] , suggesting that if these PCa cells are targeting the bone, they are failing to colonize successfully.
Novel drug therapies and imaging studies Studies utilizing the well-characterized Pten model have provided translational and preclinical data which one day may inform future approaches to treating PCa. For example, treating conditional Pten knockout mice with MDV3100 and PI3 kinase inhibitors in combination with surgical castration significantly reduced tumor volume [127] . Studies with the Pten mouse also have revealed that concomitant targeting of AR and mTOR with rapamycin may one day be a successful targeting strategy for androgen-dependent disease in humans [100] . In addition, the Pten model has been used for imaging studies [100] and bioluminescent imaging studies [99, 128] .
Concerns with Pten knockout model The phenotypes reported in the Pten knockout model are variable in nature, and these variations may be explained by the use of differing targeting vectors as well as by differing strain background of mice utilized. Indeed, when the PB-Cre4 and Pten flox/flox [95] mice are back crossed into a C57/Bl6 background, these mice do not progress beyond mouse PIN with microinvasion and castration does not result in continued proliferation, relapse, or NE differentiation [128] . Some studies of the PB-Cre4 Pten flox/flox mice have observed metastasis, while others have failed to do so. It is, therefore, advisable that this model be employed in studies designed to identify metastasis-promoting pathways, as opposed to therapeutic studies designed to inhibit disease progression. Additionally, the histology of the Pten model has been problematic with reports of squamous differentiation, mucinous metaplasia, and outright sarcomatoid carcinoma in some models [10] . Similarly, based on the studies of Wang et al. and Mulholland et al., PB-Cre4; Pten flox/flox tumors are AI [95, 101] . Therefore, while there are aspects of PCa progression which these Pten-based compound models recapitulate faithfully, most of them fail to achieve CRPC and bone lesions, which are the major clinical concerns for advanced PCa patients.
Myc
C-Myc is a proto-oncogene which plays numerous roles in the cell cytoplasm and nucleus. Myc is overexpressed at an mRNA and protein level in human PCa samples and Myc overexpression increases with increasing tumor stage in PCa (76 % positive at PIN, 82 % at carcinoma), suggesting that Myc overexpression is an early event in human PCa [129, 130] . Myc overexpression can happen through a variety of mechanisms, including gene amplification, rearrangement, activation of the Wnt/β-catenin pathway, loss of FOXP3, and germline Myc promoter variation [131] . Targeting Myc overexpression to the mouse prostate, therefore, is a valid model of human PCa.
Prostate-specific Myc overexpression In terms of mouse modeling, the first studies to evaluate the consequence of Myc overexpression in the mouse prostate were performed by Ellwood-Yen et al. In these studies, Myc was driven by the small PB promoter that gives weak expression or the more potent ARR 2 PB promoter, yielding the Lo-Myc and Hi-My mice, respectively [132] . Hi-Myc mice progress from mouse PIN at 13 weeks to adenocarcinoma with invasion by 26 weeks, while Lo-Myc mice progress slower with both PIN and adenocarcinoma onset being delayed by about 30 weeks, consistent with lower transgene expression [132] . With the expression of the transgene and onset of PIN, Nkx3.1 expression decreases [133] , recapitulating the loss of Nkx3.1 observed in human PIN cases. Hi-Myc PIN or adenocarcinoma lesions regress in response to castration but they do not become castrate resistant. This highlights a concern of using an androgen-regulated promoter to drive the transgene for castration studies. Neither of these mouse strains give rise to metastatic disease [132] .
Applications of the Myc model The majority of studies have coupled the Hi-Myc model with other genes of interest in human PCa. For example, coupling the Hi-Myc model with the PB-hepsin mouse accelerated progression to adenocarcinoma by 12 versus 24 weeks [36] . Interestingly, constitutive activation of the NF-κB pathway in the Hi-Myc model results in adenocarcinoma which is no longer sensitive to castration, suggesting that NF-κB may play a role in CRPC [134] . In this case, NF-κB continues to drive AR activity and maintain AR target gene expression, including the PB-Myc.
The Hi-Myc model has also been combined with the Pten pathway by generating bigenic animals overexpressing Myc and activated AKT or ablated Pten. In human PCa samples, Myc amplifications associate with alterations in the PI3 kinase pathway [135] , and prostate-specific knockout of Pten or activation of Akt coupled with the Hi-Myc model accelerates the progression to adenocarcinoma (13 and 16-20 weeks, respectively) [135] . The PPC does note there is a component of intestinal metaplasia in this model as well [10] . Interestingly, the overexpression of Myc in these animals rendered mTOR inhibition ineffective, suggesting mTOR inhibitors may be contraindicated in PCa patients that exhibit Myc overexpression [135] .
In an attempt to divorce Myc oncogene overexpression from the control of the androgen dependence of the ARR 2 flox/+ develops adenocarcinoma only [137] . These studies also showed that Pten was lost earlier than p53 and that the lesions are heterogeneous, much as is the case in human PCa [137] .
Concerns with Myc model
The major concern with the Myc models is that they mostly do not continue to progress following castration or develop metastasis. However, due to the early onset of Myc amplification during PCa progression [129] [130] [131] , this is perhaps not surprising and poises the Myc model to be an excellent starting point for additional genetic alterations which drive PCa progression. Additionally, the oncogenic activation strategy in the Z-Myc mouse [136] is an excellent approach towards avoiding the pitfalls of using AR-dependent (yet prostate specific) promoters during castration studies.
Additional models of interest
Unfortunately, not all GEM yield mPCa or mPIN, and this section will cover some of these models because they make powerful statements about the biology of mouse tumorigenesis that can be extrapolated to human PCa. For an extensive review of additional mouse models, please see [9, 10, [138] [139] [140] .
The role of AR in PCa
The functional role of AR in human PCa is complicated. By and large, AR is a marker for (and major determinant of) the acquisition of a mature and differentiated luminal epithelium in the prostate. However, aberrations of AR expression, such as expression of ARvs, and changes in cofactor binding are common in PCa and contribute to the ability of PCa to escape conventional ADT [6] . Conversely, tumors which are truly AI, such as NE carcinoma, are associated with poor clinical outcome [141] because they often do not express AR and therefore are not treated with ADT [25] . Although pure NE tumors are rare, focal NE differentiation is common in human PCa and heavily ADT-treated adenocarcinoma patients can develop NE tumors [7] . Our work has shown that NE secretions from the mouse prostate NE tumor, NE-10 (established from the Lady 12-T10 line [57] ), can support the growth of LNCaP xenografts in castrated mice, indicating that secreted factors by the NE cancer can support continued AR signaling in CRPC [142] . The NE-secreted proteins bombasin and gastrin releasing peptide were identified as two of these secreted factors and shown to activate the NF-κB pathway in the LNCaP tumors [142] . Since the constitutive activation of the NF-κB pathway in the Hi-Myc model results in adenocarcinoma which is CRPC, this suggests that NE secretions activate the NF-κB to induce CRPC [134] .
AR in GEM There have been several GEM models which alter AR signaling in the mouse prostate. The first simply overexpressed AR under the control of the PB promoter and resulted in mPIN in mice older than 52 weeks [143] , suggesting that higher levels of AR activity alone are not sufficient to drive invasion. Similarly, expression of human AR with naturally occurring N terminal glutamine polymorphisms resulted in altered AR target gene expression, but no prostate phenotype was observed [144] . Targeting human AR overexpression to the mouse prostate using the Osr1 promoter, however, results in mPIN in 50 % of animals and adenocarcinoma in 5 % of animals by 52 weeks of age [145] . Due to the targeting strategy utilizing a prostate-specific but constitutively active promoter, the expression of the transgene (here, AR) remains constant in intact or castrated animals, suggesting this may be an appropriate model or targeting strategy for modeling CRPC in mice [145] . Very recent studies have generated the first GEM with an ARv. Liu et al. coupled AR v567es , which occurs frequently in human CRPC and is missing exons 5, 6, and 7 [146, 147] , with the minimal PB (-426 to +28 bp) promoter [148] . These mice progress from hyperplasia (16-20 weeks) to mPIN (30-40 weeks) and adenocarcinoma (52 weeks) [148] . pt?>These mice respond to castration at 16 weeks by maintaining nuclear AR v567es expression and losing full-length AR nuclear localization, while mice castrated at a year developed more aggressive adenocarcinoma than their sham-castrated counterparts, suggesting this may be a novel model of CRPC [148] .
The role of stroma in PCa
GEM models of mPCa frequently exhibit reactive stroma, as exhibited by a dramatic increase in stromal proliferation adjacent to PIN and cancer. In humans, reactive stroma in PCa is less histologically obvious [10] . However, human PCa patients with confirmed reactive stroma have poor clinical outcome [31, 32] , and CAFs isolated from human PCa patients can support transformation of immortalized cell lines in tissue recombination experiments [33] . There are several stromal factors which have been shown to contribute to PCa progression, including AR and TGFβ.
Models of stromal PCa tumorigenesis Stromal AR expression plays a critical role in the development of the prostate [149] and supports PCa progression [150] . It is therefore not surprising that loss of AR in the stroma represses PIN formation in Pten +/− mice [151] . Conversely, activation of TGFβ RII in GEM stroma is sufficient to drive the formation of mPIN in the epithelium [152] and eventually adenocarcinoma [153] . These two GEM stromal models highlight the importance of the stroma in tumor development and progression. The majority of the work in stromal tumorigenesis, however, has focused on human-derived cell lines, CAFs, and tissue recombination assays, described here [33, 150, 154] .
Discussion
The past 15 years of GEM modeling of PCa has revealed that even if the molecular changes observed in human PCa are precisely engineered in the mouse, the mPCa generated differ both in phenotype and behavior from human PCa. GEM mPCa models tend to progress spontaneously from adenocarcinoma to NE carcinomas and sarcomatoid carcinomas, whereas these changes are most common in human PCa patients after therapy and recurrence [25, 26] . What are the mechanisms for spontaneous NE or sarcomatoid/EMT differentiation in GEM, and are these the same as the mechanisms for therapeutic resistance and disease recurrence in men with PCa? Although NE differentiation and the development of NE carcinoma following PCa treatment have both been reported previously [7, 24, 25] , there is renewed interest in these observations due to the sequential analysis of PCa progression in humans. Genetic analysis of NE tumors by Beltran et al. revealed 40 % of NE tumors harbor amplifications and overexpression of Aurora kinase and N-Myc [155] . More recent studies performed have demonstrated that 60 % of hormonenaïve PCa tumors, which will later progress to NE tumors, already harbor these genetic changes [156] . Conversely, these amplifications only occur in 5 % of the entire PCa population [156] . Perhaps, the most significant observation from these studies is that there was 100 % concordance between ERG rearrangement and Aurora kinase in the NE metastatic samples, suggesting that adenocarcinoma gives rise to the NE tumor component [156] . Because of the success of secondgeneration antiandrogens, it is likely that more NE differentiation and NE tumors will be observed in humans. Therefore, due to the progression of TRAMP and LADY 12T-10 line to a NE phenotype, these models may be appropriate for studying NE differentiation in human PCa.
There are other critical preclinical questions which GEM models have yet to address in detail. One of the methods by which PCa becomes castrate resistant is by the expression of ARvs. Although there are TRAMP AR mutants, these are single base substitutions and not large deletions or rearrangements [54] . Murine ARvs have been reported in the Myc-CaP cell line [157] , but to date, these mutations have not been translated into a GEM. The translation of human ARvs into GEM has only recently occurred with Liu et al. generating a minimal PB driven AR v567es mouse [148] , and subsequent studies utilizing this model coupled with other genetic lesions, such as Pten loss or Myc overexpression, will address the role of ARvs in PCa progression to CRPC in GEM and perhaps generate a more faithful model of PCa progression.
Similarly, the failure of our GEM models of PCa to metastasize to bone is striking. In human PCa patients, 90 % of PCa metastases occur in bone [35] , and the majority have strong expression of nuclear AR [158] . In the limited GEM models that develop metastatic bone lesions, the penetrance varies from "rare" up to about 17 %. Moreover, these bone lesions tend to be NE or sarcomatoid in nature. The possibilities that account for this could be as simple as different bone environments between humans and mice or differing levels of circulating androgens.
As we are entering the third generation of GEM models of PCa, new tools and ideas are being applied to established models. Application of basal versus luminal promoters, as described by Choi et al. [13] , may provide additional insights into compartment-specific drivers of human PCa progression. Focusing on global changes in the cell, such as reactivation of telomerase, changes in epigenetic regulation, and the role of stroma in PCa progression is also becoming more prominent in GEM models. Finally, the ability to activate oncogenes in a prostate-specific manner but independent of androgen may yield better models of CRPC [136, 145] . The next generations of mouse PCa models, therefore, will continue to incorporate the genetic alterations observed in human PCa patients, but should also include the global, environmental, and dietary considerations of human PCa.
